CALPAIN
Calcium-dependent neutral protease, also called calpain, has attracted increased interest in recent years. Its properties include an absolute dependence on Ca2l for activity (micromolar and millimolar concentrations of Ca2l for calpain I and calpain II, respectively), and a pH optimum between 7 and 8. It is isolated from the cytosolic fraction of various animal tissues or cells but it may be translocated to the cell membrane under certain conditions (for previous reviews see Murachi, 1983a; Zimmerman & Schlaepfer, 1984; Pontremoli et al., 1985; Bond & Butler, 1987; Mellgren, 1987; Suzuki, 1987; Suzuki et al., 1987a,b) . Recently, calpain from various species has been sequenced (Ohno et al., 1984; Emori et al., 1986b; Sakihama et al., 1985; Aoki et al., 1986) . Calpain I and calpain II seem to have distinct catalytic 80 kDa subunits and an identical regulatory 30 kDa subunit. Both the 80 kDa and 30 kDa subunits contain calmodulin-like 'E-F hand' Ca2l-binding domains at their C-terminal ends (Ohno et al., 1984) . It was suggested by Suzuki and colleagues (Ohno et al., 1984) that these Ca2+-binding domains confer Ca2+-sensitivity to calpain. The activity of calpain is also believed to be regulated by an endogenous calpain inhibitor protein, calpastatin (see Murachi, 1983a) .
Despite the advances in knowledge of the structure and enzymic properties ofcalpain, its biological functions are still poorly understood. It is clear, however, that calpain does not have general proteolytic activity, but rather catalyses specific and limited cleavage of substrates. Interestingly, calpain I and calpain II appear to have identical substrate specificities. Endogenous protein substrates for calpains are generally classified into five subgroups: (i) enzymes (including several kinases), (ii) myofibrillar proteins, (iii) membrane proteins, (iv) cytoskeletal proteins, and (v) receptor proteins (Murachi, 1983a; Zimmerman & Schlaepfer, 1984) .
CALMODULIN-BINDING PROTEINS AS CALPAIN SUBSTRATES
Calmodulin is a small, acidic Ca2l-binding protein that is best known for its ability to regulate many physiological processes by interacting with various calmodulin-binding proteins (for review, see Manalan & Klee, 1984; Wang et al., 1985) . Vertebrate calmodulinbinding proteins can be categorized into three groups: (a) enzymes, (b) cytoskeleton/structural proteins, and (c) other proteins (Table 1) . K6saki et al. (1983) reported that several calmodulin-binding proteins (100 kDa, 90 kDa, 60 kDa and 40 kDa) were degraded by endogenous calpain I. Wallace et al. (1987) confirmed this study by showing that a similar set of calmodulin-binding proteins was degraded by calpain upon platelet activation. While we were studying the calpain-mediated proteolysis of the calmodulin-activated Ca2+-ATPase from erythrocyte membrane (Wang et al. 1988a,b) , we observed that another calmodulin-binding protein, adducin (103 + 97 kDa), which co-eluted as a minor component of some preparations of the Ca2+-ATPase from a calmodulinaffinity column (Wang et al., 1988a,b) , was also fragmented by calpain treatment (Fig. la , lanes 2, 3 and 4). We therefore made a systematic search for other calmodulin-binding proteins which might also be calpainsensitive (Table 1) . Ofthe 30 calmodulin-binding proteins listed in Table 1 , 16 have already been reported to be substrates for calpain in vitro. So far, no calmodulinbinding proteins have been reported to be resistant to calpain, although we have found that one form of calmodulin-dependent cyclic nucleotide phosphodiesterase is calpain-resistant (K. K. W. Wang, A. Villalobo & B. D. Roufogalis, unpublished work) . Nevertheless, this is a rather striking finding given the fact that calpain has a narrow range of substrate specificity. Many proteins are calpain-resistant, including bovine serum albumin, ovalbumin, sarcoplasmic reticulum Ca2+-ATPase, calsequestrin, calmodulin, actin, ubiquitin, phosphorylase and cytochrome c (Zimmerman & Schlaepfer, 1984; Pontremoli et al., 1985; Roufogalis, unpublished work). Of the 16 identified calpain-sensitive calmodulin-binding proteins, five are enzymes, seven are cytoskeleton/structural proteins and the other four represent a miscellaneous group ofproteins (Table 1) . Enzymes Among the five calpain-sensitive calmodulin-dependent enzymes (phosphorylase kinase, myosin light chain kinase, plasma membrane Ca2+-ATPase, phosphodiesterase and calcineurin), similarities in their proteolysis by calpain are found (Table 2) : (i) the fragmentation patterns of myosin light chain kinase (Kosaki et al., 1983; Ito et al., 1987) , Ca2+-ATPase (Wang et al., 1988a, b) and calcineurin (Tallant et al., 1988 Yeager et al. (1985) ; 2, Shattuck et al. 3, Chan & Graves (1984); 4, Klee (1977); 5, Lynch & Cheung (1979); 6, Niggli et al. (1979); 7, Mayr & Heilmeyer (1983); 8, Cheung (1970); 9, Kakiuchi & Yamazaki (1970); 10, Sharma et al. (1980) ; 1 1, Tallant & Cheung (1986); 12, Johanson et al. (1988); 13, Nairn et al. (1985a); 14, Kennedy et al. (1987); 15, Nairn et al. (1985b); 16, Blum et al. (1980); 17, Patel et al. (1988) ; 18, Lee & Wolff, (1984); 19, Carlin et al. (1983); 20, Sobue et al. (1981a); 21, Sobue et al. (1981b); 22, Glenney & Weber (1980); 23, Kumagai et al. (1982); 24, Sobue et al. (1981c); 25, Gardner & Bennett (1986) Pant et al. (1983) ; 49, see Fig. 1(a) ; 50, see Fig. l(b) ; 51, Banik et al. (1985) ; 51, and 52, Sakai et al. (1987) .
phosphodiesterase (Cheung, 1971; Kincaid et al., 1985) , phosphorylase kinase (Depaoli-Roach et al., 1979) , myosin light chain kinase (Walsh et al., 1982; Foyt et al., 1985) , calcineurin (Manalan & Klee, 1983; Tallant & Cheung, 1984) , plasma membrane Ca2+-ATPase (Zurini et al., 1984) and calmodulin-dependent protein kinase II (Levine & Sahyoun, 1987) (Rechsteiner, 1987a (Manalan & Klee, 1984; Finley & Varshavsky, 1985) . Both (Kosaki et al., 1983) , erythroid spectrin (Seubert et al., 1987) and adducin (K. K. W. Wang, A. Villalobo & B. D. Roufogalis, unpublished work). However, calmodulin increases the rate ofdegradation ofbrain spectrin (fodrin) by calpain (Seubert et al., 1987) . (Bryan, 1974) . Therefore, these processes may be viewed as being potentially dually controlled by calmodulin and calpain.
SUBSTRATE SPECIFICITY OF CALPAIN
Using naturally occurring and artificial peptides as substrates for calpain, Sasaki et al. (1984) formulated a general preference rule for calpain proteolysis at the cleavage site: a Lys, Tyr, Arg or Met residue in the P1 position preceded by a hydrophobic amino acid residue (Leu or Val) in the P2 position would favour cleavage at the carboxyl side of the residue in the P1 position (nomenclature of Schechter & Berger, 1967) . Very similar preference was observed using neuropeptides as substrates (Hirao & Takahashi, 1984) . However, this pattern does not explain all the cases (Sasaki et al., 1984) . Furthermore, small peptides were known to be rather poor substrates for calpain as compared to protein substrates (Murachi, 1983b) , and therefore, the preference rule derived from peptide substrates may not apply to protein substrates. Recently Sakai et al. (1987) studied the specificity of calpain cleavage sites in histones and found that the P2-P1 preference rule was not necessarily followed. Instead, they found that susceptible bonds were never located in the midst of either hydrophobic or hydrophilic amino acid clusters, but in the vicinity of the boundary between hydrophilic and hydrophobic clusters. This cleavage site specificity could account for the fact that proteolysis induced by calpain usually produces larger limit fragments which are not further susceptible to calpain cleavage. For instance, Sakai et al. (1987) observed that all the fragments released from histones underwent no further degradation, although many of them still contained bonds which would be susceptible to calpain if they were present in intact histones. This Enzyme finding suggests that calpain recognizes a certain higher order structure(s) in its substrates before cleavage is induced. This would explain why small peptides are in general poor substrates for calpain, since they are not large enough to contain the required recognition site(s).
When this 'recognition site' concept is applied to the calmodulin-binding proteins, which are often substrates for calpain, it follows that there may be certain common region(s) or features on these proteins that are recognized by calpain. The most obvious region would be the calmodulin-binding domain of these proteins. It has been demonstrated that the calmodulin-binding domains of many different calmodulin-binding proteins share a high degree of homology (Blumenthal et al., 1985; Lukas et al., 1986; Wakim et al., 1987; Lin et al., 1987; Shull & Greeb, 1988) . A typical calmodulin-binding domain is thought to be a short amphipathic a-helix peptide segment with a high percentage of basic amino acid residues (arginine, histidine and lysine) (Blumenthal & Krebs, 1988) . It is believed that the resulting net positive charge favours the interaction with the strongly acidic calmodulin. As discussed earlier, calpain's large subunit (80 kDa) has its catalytic domain near the N-terminal region and has a calmodulin-like E-F hand Ca2"-binding domain at the Cterminal region (Ohno et al., 1984) . It is conceivable that the calmodulin-like domain of calpain can bind to the calmodulin-binding domain of the substrate proteins. Once binding is achieved, the calpain catalytic domain proceeds to cleave its bound substrate. However, this seemingly attractive mechanism cannot account for the fact that some calmodulin-binding proteins, after losing their calmodulin-binding domain, are still susceptible to further proteolysis (Kosaki et al., 1983; Ito et al., 1987; Wang et al., 1988b) . This prompted us to look for an alternative mechanism.
PEST SEQUENCES IN CALMODULIN-BINDING PROTEINS
Recently, Rogers et al. (1986) found that each of ten short-lived proteins examined (half-lives less than 2 h) contain one or more regions enriched in proline (P), glutamic acid (E), aspartic acid (D), serine (S) and threonine (T) (PEST regions). Similar inspection of 35 more stable proteins (half-lives between 20 and 220 h) revealed that only 15 of these contained PEST regions. The strength of a PEST sequence can be evaluated by its PEST score (Rogers et al., 1986 (Rogers et al., 1986) . We found that all the calmodulin-binding proteins but three sequenced to date contain one or more PEST sequences (Table 3) . Furthermore, the PEST scores of these regions are generally high (> 0). In fact, all of these calmodulin-binding proteins but one (phosphorylase kinase, y-subunit) have at least one strong PEST region (with PEST score > 0) ( Table 3 ). Of the PEST-containing calmodulin-binding proteins in Table 3 , tubulin (a, ,), erythrocyte Ca2+-ATPase, a-spectrin and myosin light chain kinase (chicken gizzard) have been demonstrated to be fragmented by calpain (Table 1) .
The three calmodulin-binding proteins that do not have PEST sequences are myelin basic protein, histone IIB and phospholamban (Table 3) . Interestingly, none of the three proteins appear to have well-defined calmodulin-binding domains (Eylar et al., 1971; Iwai et al., 1970; Fujii et al., 1987) . Worth mentioning is that the plasma membrane, calmodulin-stimulated Ca2+-ATPase shares a high degree of structural homology with the sarcoplasmic reticulum Ca2+-ATPase which, however, lacks a typical calmodulin-binding domain (Verma et al., 1988; MacLennan et al., 1985) . Whereas the former has five strong PEST sequences (PEST scores 2.4, 14.8,8.3,7.1 and 1.6) (four of them near the C-terminal and one near the N-terminal), the latter has only three weak PEST regions (PEST scores -3.4, -4.0 and -4.9). In support of the observed correlation, the plasma membrane Ca2+_ ATPase is rapidly hydrolysed at four or five sites (Wang et al., 1988b) , whilst the sarcoplasmic reticulum Ca2+-ATPase is resistant to calpain (Seiler et al., 1984 Roufogalis, unpublished work) . Furthermore, the first few cleavage sites are also located at the C-terminal end of the plasma membrane Ca2+-ATPase, corresponding to the region where many of the PEST sequences are found. Thus, the strong PEST regions on the plasma membrane Ca2+-ATPase may be the recognition sites for calpain.
The calmodulin-binding protein neuromodulin (P57) was the first test of the hypothesis. From the known sequence of neuromodulin (Wakim et al., 1987) , we identified two strong PEST regions, with PEST scores of 8.1 and 3.5, respectively (Table 3) . We predicted, therefore, that neuromodulin would be a good substrate for calpain. Subsequently, we found that neuromodulin was indeed hydrolysed by calpain into several fragments (Fig.  lb) . Another test of the hypothesis was human a-fodrin (brain spectrin), whose molecular structure has recently been elucidated. Based on the partial amino acid sequence, a-fodrin, like the erythroid a-spectrin, appears to have 22 106-residue repeat structures (McMahon & Moon, 1987) . Human a-fodrin possesses a highly basic calmodulin-binding region at the junction between the eleventh and twelfth repeats, which accounts for its high affinity for calmodulin (1986) . A PEST sequence was defined as a stretch of amino acid residues beginning and ending with positively charged residues (H, K or R) with at least eight internal residues.
PEST score is calculated as described by Rogers et al. (1986) . In brief, PEST score = 0.55 (MPPEST) -0.5 (Ho), where MPPEST -mole percentage of P, E, D, S and T after subtracting 1 mole equivalent of P, E and S, and Ho =.average hydrophobicity of the stretch (Rogers et al., 1986) . To qualify as a PEST sequence, the PEST score value has to be larger than -5.0. When the stretch lacks P, E/D or S/T, then its PEST score has to be larger than 0 to qualify as a PEST sequence. from human erythrocyte (Wang et al., 1988b) . Proteolysis was terminated with 20 % (w/v) ice-cold trichloroacetic acid before being subjected to gel electrophoresis- (Laemmli, 1970 to be 10 residues upstream from the calmodulin-binding domain (see Fig. 2 ) , which is consistent with the finding that calmodulin stimulates the degradation of brain spectrin by calpain (Seubert et al., 1987 Fig. 3 . Since PEST regions are highly hydrophilic and therefore are very likely to form surface loops (Rechsteiner, 1987b) (Fig. 3b) (Wang et al., 1988b; Ito et al., 1987; Tallant et al., 1988 (McMahon & Moon, 1987; . Since the complete amino acid sequence of a-fodrin is not available, the first residue of the XII repeat is arbitrarily assigned residue + I and is used as the reference residue. Residues moving downstream (towards the Cterminal), and away from residue 1, have increasing positive residue numbers, whereas residues moving upstream and away from residue I have increasing negative residue numbers (starts from -I and on). The PEST region (residue numbers + 101 to + 111) is illustrated by the stippled area. The calmodulin-binding domain (residue numbers -18 to + 5) is shown by the hatched area. A calpain cleavage site (between residue -28 and -27) is illustrated by the arrow and the broken line. Fig. 3 (Table  4) , whilst 12 do not (Table 5) . Of the 29 PEST-containing substrates, 26 contain one or more strong PEST sequences. The other three substrates which contain only a weak PEST sequence are vementin, pyruvate kinase (Ltype) and a-actinin. Among the PEST-containing proteins of known amino acid sequence are five calmodulinbinding enzymes, as described above, the large subunit of calpain I and calpain II, calpain inhibitor protein (calpastatin), the protein kinase C family and three receptor proteins (EGF receptor, progesterone receptor and oestrogen receptor). The number of PEST regions of these substrate proteins varies from 1 to 12 (for Factor V). The PEST scores are as high as 34.6 (for the progesterone receptor). Of the four cloned isoenzymes of protein kinase C, three (a, flu and fII) have a single highly conserved PEST region (residues 276-302) located at the end of the C2 region of the regulatory domain (Kikkawa et al., 1987) . The y-isoenzyme has a higher degree of variation in that region, which causes the PEST score to fall below -5. However, about 15 residues downstream there is a PEST sequence (residues 316-334) unique to this isoenzyme, with a PEST score of 14.0 (Table 4) . Furthermore, we have identified the cleavage site of protein kinase C by calpain (Ohno et al., 1987) to be in the same region in which the PEST sequence is found. Interestingly, HMG-CoA reductase, the ratelimiting enzyme of cholesterol biosynthesis, has its two PEST-sequences and two calpain cleavage sites in adjacent regions [the PEST sequences being about 40 kDa and 47 kDa, respectively, from the N-terminus (Chin et al., 1984) , whilst the calpain cleavage sites are about 35 kDa and 44 kDa from the N-terminus (Liscum et al., 1985) ]. The high conservation of PEST sequences among isoenzymes and the proximity of PEST sequences to calpain cleavage sites suggest that PEST regions are recognition sites on calmodulin-binding proteins and some other calpain substrates.
Interestingly, the non-PEST-containing-substrates are mostly small proteins (Table 5) . Why these non-PESTcontaining proteins also serve as calpain substrates has two possible explanations. (a) The PEST-containing proteins and non-PEST-containing proteins may represent two separate groups of calpain substrates. The non-PEST proteins may be recognized at other sequence(s), perhaps analogous to PEST. (b) The definition of PEST regions and the PEST score calculation may have minor flaws which might affect identification of some potential PEST sequences and also their PEST scores. Therefore, it is possible that the non-PEST containing calpain substrates might in fact contain 'PEST' or related regions. The first possibility seems to be supported by the fact that many small peptides that definitely do not have PEST sequences still serve as calpain substrates. Among these are insulin fl-chain, protamine, glucagon and dynorphin (Sasaki et al., 1984) . On the other hand, in support of the second possibility, we observed that many non-PEST-containing substrates had a high number of basic amino acid residues such as histidine (H), lysine (K) and arginine (R), (e.g. myelin basic protein), which, by definition precludes the existence of 'PEST' regions. Also, the strict requirement for starting and ending a PEST sequence with H, K or R sometimes significantly reduces the PEST scores of a highly concentrated PEST-enriched region which lacks a Table 3 See Table 3 See Table 3 See Table 3 See Table 3 See Table 3 276-302 KLLNQEEGEYYNVPIPEGDE-EGNVELR Fig. I(b) ; 8, Billger et al. (1988); 9, Seubert et al. (1987); 10, Siman et al. (1984); 11, Kishimoto et al. (1983); 12, Liscum et al. (1983); 13, Murachi (1983a); 14, Nelson & Traub (1981) ; 15, Croall et al. (1986); 16, Kunicki et al. (1986); 17, Ekman & Eriksson (1980); 18, Dahlqvist-Edberg & Ekman (1981); 19, McGowan et al. (1983); 20, Kunicki et al. (1984) ; 21, Schmaier et al. (1986); 22, Cassel & Glaser (1982) ; 23, Gates & King (1983) ; 24, Vedeckis et al. (1980); 25, Puca et al. (1977); 26, Ishiura et al. (1980); 27, Aoki et al. (1986); 28, Ohno et al. (1984); 29, Emori et al. (1987>; 30, Guerriero et al. (1986) ; 31, Verma et al. (1988); 32, Wakim et al. (1987); 33, Lemischka et al. (1981); 34, Hall et al. (1983); 35, McMahon & Moon (1987); 36, Kikkawa et al. (1987); 37, Chin et al. (1984) ; 38, Mercier et al. (1971); 39, Brignon et al. (1977) ; 40, Ribadeau-Dumas et al. (1972); 41, Quax-Jeuken et al. (1983) ; 42, Kopito & Lodish (1986); 43, Titani et al. (1986) ; 44, Inoue et al. (1986); 45, Jenny et al. (1987); 46, Rixon et al. (1983); 47, Chung et al. (1983); 48, Kellermann et al. (1986); 49, Ullrich et al. (1984) ; 50, Gronemeyer et al. (1987) ; 51, Green et al. (1986) ; 52, Baron et al. (1987); 53, Julien et al. (1987); 54, Malik et al. (1983) ; 55, Myers et al. (1987) ; 56, Lees et al. (1988) . R Review article. Pig and human [7, 8] Rabbit [9] Rabbit (Reithmeier et al., 1987 Tallant & Cheung, 1986) were subjected separately to either no treatment (-) or calpain treatment (+) at 25°C for 60 min in 50 mM-Tris/HCI containing 10 mM-dithiothreitol, 0.3 mM-EGTA, 0.5 mM-CaCI2 and 0.2 ,ug of purified calpain I (see Fig. 1 ). Termination of proteolysis and gel electrophoresis are as described in Fig. 1 (Fig. 4) . There has been some controversy about the susceptibility of troponin C to calpain (Dayton et al., 1975; Ishiura et al., 1979; Murakami & Uchida, 1979) . In order to clarify this discrepancy, we treated a mixture of troponin I and troponin C with calpain I from human erythrocytes. We found that calpain I rapidly cleaved troponin I while leaving troponin C intact (Fig. 4) . To expand this study, we also looked at the calpain-sensitivity of other members of the troponin C superfamily, including oncomodulin, S-lOOxa protein, S-100,8 protein, and parvalbumin (Fig. 4) . Consistent with our prediction, none of these proteins is cleaved by calpain I (Fig. 4) . This leads us to speculate that the members of the troponin C superfamily are in general calpain-resistant.
To take this hypothesis one step further, we speculate that the various binding proteins (target proteins) of the troponin C superfamily of Ca2"-binding proteins are calpain substrates. The evidence comes from the following observations: (i) many calmodulin-binding proteins are calpain substrates; (ii) calcineurin A, which binds calcineurin B, is hydrolysed by calpain; (iii) troponin I, which binds troponin C, is calpain-sensitive; (iv) protein kinase C, a well-established calpain substrate, appears to bind to an 21 kDa inhibitor protein which belongs to the troponin C superfamily (McDonald & Walsh, 1985; McDonald et al., 1987) . If this hypothesis is correct, the target proteins of these Ca2"-binding proteins may be considered to belong to a large subgroup made up of substrates of calpain. In addition, the troponin C-like Ca2"-binding proteins might control the hydrolysis of these proteins by calpain at the substrate level.
CONCLUSION
In this review, we have discussed evidence which strongly suggests that calmodulin-binding proteins are substrates for calpain. We point out that calmodulin might have a controlling role in such proteolysis. We have clearly demonstrated that most of the calmodulinbinding proteins contain strong PEST sequences. We hypothesize that the PEST sequences of calmodulinbinding proteins and many other substrates may be the recognition sites for calpain. Lastly, we present an expanded theory proposing that the target proteins of the troponin C superfamily of calcium-binding proteins belong to a large subgroup of calpain substrates. If these hypotheses are correct, they would form the first consistent molecular basis for substrate specificity of calpain and eventually might help in the further understanding of protein metabolism in the cell.
Future directions
In order to test the hypotheses presented in the review, at least two directions can be taken: (a) obtain amino acid sequences of calmodulin-binding proteins and other potential substrates for calpain and identify their PEST regions; (b) determine whether the remaining calmodulin-binding proteins are hydrolysed by calpain. Subsequently, efforts can be directed to determine whether the calpain cleavage sites and the PEST regions are in proximity. We also predict that the loss of PEST region(s) by initial cleavage with calpain or other proteases will render the remaining fragment insensitive to further cleavage by calpain. Site 
